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Abstract: Yttria-stabilized zirconia (YSZ, ZrO2–8%Y2O3) films were deposited onto lanthanum
strontium manganite (LSM, La0.7Sr0.3MnO3) substrates using dip-coating process aiming for the
application in solid oxide fuel cells (SOFCs). YSZ precursor was prepared by sol–gel method; three
values of the organic/inorganic concentration ratio (1, 3 and 5) were utilized and the sol viscosity was
adjusted (60 mPa·s and 100 mPa·s) before deposition on the substrate. The influence of these
synthesis parameters on the structure and morphology of the deposited films was examined by X-ray
diffraction (XRD) and scanning electron microscopy (SEM). The films showed characteristic peaks of
LSM, YSZ (with cubic structure) and secondary phases of SrZrO3 and La2O3. Depending on the
synthesis conditions, crack-free, homogeneous and well adhered films were obtained, with thickness
of 11–24 m.
Keywords: YSZ; films; LSM; sol–gel; dip-coating

1 Introduction
Solid oxide fuel cells (SOFCs) have grown in
recognition as a viable high temperature fuel cell
technology. SOFC is a complete solid-state device that
uses an oxide ion-conducting ceramic material as
electrolyte and operates in the temperature range of
800–1000 ℃ . When compared with conventional
methods of power generation, SOFCs have many
advantages, such as higher energy conversion
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efficiency which can reach up to 65%, easy modular
construction, a wide range of fuel possibilities,
potential for cogeneration, and life expectancy of more
than 40 000 h [1,2]. The current focuses in SOFCs
research are material development and reducedtemperature operation.
Yttria-stabilized zirconia (YSZ) is a commonly used
electrolyte material in SOFCs due to its pure ionic
conductivity, long-term stability, good chemical
compatibility with other cell components and excellent
mechanical properties [3]. On the other hand,
lanthanum strontium manganite (LSM) is the most
widely used cathode material due to its high electrical
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conductivity in an oxidizing atmosphere, thermal and
chemical phase stability, and relatively good
compatibility with YSZ electrolyte [3,4]. One approach
to overcome the resistivity of the electrolyte at
operation temperatures below 800 ℃ is to reduce the
thickness of the electrolyte. Thus it is desirable to
fabricate cathode-supported cells with electrolyte films
of only a few microns thick.
Various physical or chemical processes have been
used for the preparation of YSZ thin films, such as
electrochemical vapor deposition (EVD), chemical
vapor deposition (CVD), physical vapor deposition
(PVD), electrophoretic deposition (EPD), thermal
spraying, colloidal deposition, sputtering, tape
calendaring, sol–gel method, and dip-coating [2,5].
Among these methods, the sol–gel method provides
several
advantages:
the
microstructure
and
composition can be easily controlled; low-temperature
processing is possible; the adhesion on the substrate is
strong [6,7]. Deposition of thin films by dip-coating is
considered to be simple and cost effective, producing
uniform coating with large areas and controllable film
thickness and density [8].
The composition of the dip-coating slurry and its
physico-chemical properties have a significant
influence on the quality of YSZ films. Wang et al. [8]
reported the preparation of YSZ films on the porous
NiO–YSZ substrate, using dip-coating process. They
developed a dip-coating slurry with YSZ powders
dispersed in triethanolamine (TEA), ball-milled with
binders and plasticizers. A two-layer film with
thickness of 16 μm was determined to be homogeneous,
crack-free and well-adherent to the substrate.
Lenormand et al. [9] also reported the preparation of
YSZ films by dip-coating on NiO–YSZ substrate. A
suspension of YSZ powders in a MEK–EtOH
(methylethylketone–ethanol) azeotropic solvent was
added to a polymeric matrix obtained by the reaction
between
hexamethylentetramin
(HMTA)
and
acetilacetone. Continuous and homogeneous films with
20 μm thickness were obtained, which is in good
agreement with the requirements for SOFC electrolyte
working at 700 ℃. Gaudon et al. [10] used a similar
procedure to deposit YSZ films on NiO–YSZ substrate,
with thickness varying between 8 μm and 80 μm. On
the other hand, Lenormand et al. [11] studied the
preparation of La0.8Sr0.2Mn1yFeyO3＋δ (y = 0, 0.2, 0.5,
0.8 and 1) films on YSZ substrate by dip-coating,
using metal salt precursors and organic compounds
(HMTA, acetilacetone and acetic acid) for various R
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(organic/inorganic concentration ratio) values. The
authors obtained continuous, homogeneous and
crack-free thin films.
In the present study, the preparation of YSZ films on
the porous LSM substrate using sol–gel/dip-coating
process has been investigated. The methodology was
adapted from Lenormand et al. [9,11]. The main
objective of the present study is to characterize YSZ
films prepared by using different synthesis parameters
(sol viscosity and organic/metal salt concentration
ratio).

2 Experiment
2. 1

Substrate preparation

La0.7Sr0.3MnO3 (LSM) powders were prepared by the
combustion method using metal nitrates and urea,
followed by calcination in air (60 ml/min) at
10 ℃/min up to 750 ℃ for 10 h. The detailed
experiments have been reported in our previous work
[12]. The powders were then pressed into pellets
(13 mm diameter and 2 mm thickness) under uniaxial
pressure of 200 MPa, and subsequently sintered with a
heating rate of 10 ℃/min up to 1300 ℃ for 2 h. After
that, the surface of the fired pellets was polished with
SiC sandpaper (4000 mesh). The pellet porosity is 39%,
measured by Archimedes method.
2. 2

Preparation of YSZ sol–gel

YSZ (ZrO2–8%Y2O3) film precursors were prepared
by a polymeric sol–gel process. The solution of metal
salts was prepared from ZrO(NO3)2 and YCl3·6H2O
with concentration of Cs = 1 mol/L. An organic solution
consisting of complexing and polymeric agents
(hexamethylentetramin
(HMTA–C6H12N4),
acetylacetone (acac–C5H8O2) and acetic acid
(a.a.–C2H4O2)), with Co concentration, was added to
the metal salt solution to promote polyesterification
and polycondensation reactions [11]. R, defined as the
ratio of organic compound concentration (Co) to metal
salt concentration (Cs), were 1, 3 and 5. The obtained
sol was refluxed at 80 ℃ on a hot plate until the
desired viscosity (60 mPa·s or 100 mPa·s) was reached,
forming the YSZ gel.
The viscosity of YSZ sol precursor was measured by
a function of relative volume reduction, defined as
[(Vinitial − Vfinal)/Vinitial] × 100, which is a consequence of
solvent evaporation during heating. Sol viscosity was
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measured with a LDVE II+ Brookfield Viscometer at
25 ℃.
2. 3
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significant improvement in the substrate surface,
reducing the porosity and leaving a more homogeneous
surface.

Deposition of YSZ films

The as-obtained YSZ gel was deposited on LSM
substrate at room temperature by dip-coating technique.
The withdrawal speed was 50 mm/min and the time of
deposition was 40 s. The films were dried with a
heating rate of 2 ℃/min up to 70 ℃ for 30 min and
then sintered with a heating rate of 2 ℃/min up to
1300 ℃ for 2 h.
2. 4

Characterization

The crystalline structure of the films was analyzed by
X-ray diffraction (XRD) using a Rigaku Miniflex II
equipment with Cu Kα radiation and 2 range from
10° to 90°. The XRD patterns were analyzed using
JCPDS (Joint Committee on Powder Diffraction
Standards) database of crystal structures. The
crystallite size (DXRD) and microstrain () were
calculated using Eq. (1) [13]:
 cos /   1 / DXRD  4 sin / 
(1)

2θ (°)

Fig. 1 XRD pattern of the LSM substrate sintered
at 1300 ℃ for 2 h.

where λ is the X-ray wavelength (0.154 nm), θ is
Bragg diffraction angle and  is the FWHM (full
width at half maximum) of the peak.
Scanning electron microscopy (SEM) was carried
out to characterize both morphology and
microstructure of YSZ films, using a HITACHI
TM-1000 Microscopy with energy dispersive
spectrometry (EDS).

3 Results and discussion
3. 1

LSM substrate

The XRD pattern of the LSM pellets sintered at
1300 ℃ is shown in Fig. 1. The peaks indicate the
formation of only LSM perovskite phase (JCPDS
401100). The crystallite size and microstrain,
calculated from the XRD data, were 21.5 nm and
0.49%, respectively.
Figure 2 shows the SEM micrographs of the surface
of LSM substrate after calcination, sintering and
polishing with sandpaper. The calcined powders
showed the agglomeration of the particles leaving a
spongy structure while the sintered substrate had lower
porosity. After the polishing process there was a

Fig. 2 SEM micrographs of LSM substrate: (a)
calcined, (b) sintered and (c) sanded.

3. 2

YSZ sol viscosity

It is important to control the viscosity of the YSZ sol
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precursor to yield continuous and crack-free films,
because if the sol viscosity is too low, a discontinuous
film may be formed, while if the sol viscosity is too
high, cracks may appear in the thin film [14].
Figure 3 shows the viscosity of the YSZ sol versus
volume reduction during heating for different R values
(R = 1, 3 and 5). The viscosity increases with volume
reduction according to the organic content of the YSZ
sol. The YSZ sol viscosity firstly remains almost
constant for small reductions in volume, and then
sharply increases with volume reduction due to
polimerization of HMTA. The polimerization is faster
for higher R values. Similar results were obtained by
Lenormand et al. [11] for La0.8Sr0.2Mn1yFeyO3 sols
with R = 5.3, 10.5 and 15.

Fig. 3 Evaluation of YSZ sol viscosity as a
function of volume reduction for R = Co /Cs = 1, 3
and 5.

3. 3

Phases of the YSZ films

X-ray diffraction patterns of YSZ films deposited on
LSM substrate are presented in Fig. 4 for various R
values (R = 1, 3 and 5) and two viscosities (60 mPa·s
and 100 mPa·s). XRD patterns of the films are similar
for all values of R, with better definition of YSZ peaks
for the higher viscosity (100 mPa·s).
The XRD patterns of the films showed the YSZ
cubic phase (JCPDS 301468), perovskite phase
(attributed to LSM substrate) and diffraction peaks at
30.7°, 44.2° and 54.9° correspondent to the formation
of SrZrO3 (SZ) phase (JCPDS 44161). Small peaks at
21°, 28.1° and 45° may be attributed to La2O3 (JCPDS
22641) formed during severe heat treatment of LSM
[15]. The formation of these secondary phases is more
pronounced for the samples prepared with lower
viscosity.

Fig. 4 XRD patterns of YSZ films prepared with (a)
R = 1, (b) R = 3 and (c) R = 5, and sintered at 1300 ℃
for 2 h.

It is well known that LSM can react with YSZ at
high temperatures to form insulating phases of
La2Zr2O7 (LZ) and SrZrO3 (SZ) [3,16,17]. Both phases
weaken the electrical contact of cathode/electrolyte
because the conductivity of these zirconates is at least
2–3 orders of magnitude lower than that of YSZ
electrolyte [18]. However, LZ and SZ phases formed at
the interface will probably disappear from the
three-phase boundaries on cathodic polarization
because of the shift of the oxygen potential to the more
reducing side [3]. Yang et al. [2] have observed that LZ
phase appeared at the interface between YSZ film and
LSM only after 52 h of sintering at 1400 ℃. Lee et al.
[5] reported that films sintered at 1300 ℃ for 2 h
showed only cubic YSZ phase; on the other hand, as
the sintering temperature increased to 1400 ℃ , a
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second phase of LZ was formed. In these two works,
YSZ films were deposited on LSM using EPD.
The presence of SZ phase can be due to the high
sintering temperature. In fact, Brant et al. [19]
observed the formation of SZ at the interface between
YSZ and porous LSM after annealing over 1200 ℃.
According to van Roosmalen and Cordfunke [20], the
formation of SZ from La0.7Sr0.3MnO3 and ZrO2 is
estimated to start at 1247 ℃.
The average crystallite size and microstrain of the
YSZ phase were calculated from XRD data and
reported in Table 1. For both viscosity values, samples
with lower organic concentration (lower R) showed
lower crystallite size, because the peaks are broader
than those with R = 3 and 5, besides presenting higher
microstrain values. As shown in Table 1, for R = 1 and
R = 3, the crystallite size increased and microstrain
decreased when the sol viscosity increased, while the
opposite was observed for the highest R value (R = 5).
It is concluded that high organic concentration favors
the crystallite growth during sintering.
Table 1 Crystallite size and microstrain of YSZ
films deposited on LSM substrates for two
viscosities (60 mPa·s and 100 mPa·s) and three R
values (1, 3 and 5)
R = Co /Cs
1
3
5
1
3
5

3. 4

Viscosity
(mPa·s)
60
60
60
100
100
100

Crystallite
size (nm)
16.1
22.7
25.5
17.0
24.6
21.9

Fig. 5 SEM images of the surfaces (a), (c) and (e),
and cross sections (b), (d) and (f) of YSZ films on
LSM substrates with sol viscosity = 60 mPa·s and
three R = Co/Cs values: (a) and (b) R = 1; (c) and (d)
R = 3; (e) and (f) R = 5.

Microstrain
(%)
0.60
0.46
0.37
0.56
0.42
0.47

Morphology and microstructure of the YSZ
films

Figures 5 and 6 show the surface and cross-section
morphology of YSZ films deposited on LSM substrate
using sol viscosity of 60 mPa·s and 100 mPa·s,
respectively.
For both sol viscosity values, the surface
morphology of the YSZ films is similar; however,
grains of the samples with lower sol viscosity are
smaller than those with higher sol viscosity. Some
pinholes can be observed in the samples prepared with
60 mPa·s of sol viscosity. The cross-section
micrographs indicate that the coating surface is
relatively rough and the YSZ film’s porosity decreases
with R values increasing.

Fig. 6 SEM images of the surfaces (a), (c) and (e),
and cross sections (b), (d) and (f) of YSZ films on
LSM substrates with sol viscosity = 100 mPa·s and
three R = Co /Cs values: (a) and (b) R = 1; (c) and (d)
R = 3; (e) and (f) R = 5.

For R = 1, cross-section images show that the films
are not homogeneous, with porous structure and
adherence problems. The microstructure is improved
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for R = 3, with films better adhered to the substrate, but
microcracks and micropores can be observed.
Nevertheless, for R = 5, the films appear crack-free,
homogeneous and well adhered to the cathodesupported substrate. Thus, comparing the surface and
cross-section morphology of the samples, it can be
concluded that film prepared with R = 5 and sol
viscosity = 100 mPa·s is more suitable for SOFC
electrolyte application, although an improvement in the
film density is necessary.
Table 2 shows the thickness of the YSZ films.
Several authors have obtained similar values of YSZ
film thickness. Yang et al. [2] have reported a
thickness of the YSZ film deposited on the
La0.8Sr0.2MnO3 substrate using EPD method was about
16 µm. Wang et al. [8] have reported the preparation of
YSZ thin films on NiO–YSZ anode substrate by
dip-coating with different numbers of layers. The film
thickness of one-layer sample was about 10 µm, of
two-layer sample was 16 µm, and that of three-layer
sample was 21 µm. Lenormand et al. [9] have
investigated YSZ films on porous NiO–YSZ substrates
using dip-coating process, obtaining continuous,
homogeneous and 15 µm thick films. Mauvy et al. [21]
have deposited 25 µm thick YSZ films on dense
alumina substrates by sol–gel/dip-coating process.
Tikkanen et al. [22] have obtained YSZ films with
thickness of 15 µm by single-step dip-coating on
NiO–YSZ substrate. Zhang et al. [23] have deposited
YSZ films with 20–30 µm of thickness by dip-coating
on NiO–YSZ supports. In general, YSZ films of
5–20 µm are suitable for application as SOFC
electrolyte [3].
The film thickness increases with the sol viscosity,

as shown in Table 2. According to Yoon et al. [24], the
film thickness can be related to the sol viscosity by Eq.
(2):
t  k ( / g )1/2
(2)
where t is the film thickness, k a constant, η the
viscosity of the solution, υ the withdrawal speed, ρ the
solution density, and g is the gravitational acceleration.
Similar behavior was obtained by Lenormand et al. [11]
for La0.8Sr0.2Mn0.8Fe0.2O3+δ films on YSZ substrate and
Fontaine et al. [25] for La2NiO4+δ films on YSZ
substrate. The film thickness decreased with the R
value, in accordance with Lenormand et al. [11].
Table 2 Film thickness of the samples for both
sol viscosities and three R values
R = Co /Cs
1
3
5
1
3
5

Viscosity (mPa·s)
60
60
60
100
100
100

Thickness (µm)
15.3
14.2
11.6
23.8
19.3
18.7

Figure 7 shows the SEM micrograph of the cross
section of YSZ film deposited on LSM substrate with
sol viscosity = 100 mPa·s and R = 5, and the EDS
spectra of the LSM substrate (Region 3), YSZ film
(Region 1) and the YSZ/LSM interface (Region 2).
The EDS analysis shows the peaks of La, Sr and Mn
(correspondent to LSM substrate) and peaks of Zr
(correspondent to YSZ film). The peaks corresponding
to Al seen in EDS spectra are attributed to the sample
compartment. No peaks of Y were observed due to its
low concentration and small thickness of the film.
Moreover, the presence of LSM components in Region

Fig. 7 SEM micrograph of the cross section of YSZ film on LSM substrate with sol viscosity = 100 mPa·s and
R = 5 and its EDS spectra.
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1 is closely related to the small thickness of the film.
Table 3 shows the weight percent of La, Sr and Mn
for each analysis. The composition of Region 3 is very
close to the nominal composition of LSM substrate.
EDS analysis indicated a significant Sr enrichment at
the electrolyte surface, which contributes to the
formation of SrZrO3 phase, as identified by XRD
profiles (Fig. 4).
Table 3 Weight percent of La, Sr and Mn
obtained from EDS (Fig. 7)

Weight%

La
Sr
Mn

Region 1
33
14
17

Region 2
45
15
22

Region 3
49
11
26

According to Backhaus-Ricoult [26], there is a
substantial interdiffusion across the LSM–YSZ
interface with the formation of highly doped zirconia.
The diffusion coefficients of ions at the LSM–YSZ
interface follow the order: DSr  DLa<DMn. Yang et al.
[2] observed that cations in LSM, mainly Mn and La
ions, diffuse greatly into YSZ film; Zr and Y ions also
diffuse into LSM, but Sr ions diffuse only slightly into
YSZ. These authors only observed formation of LZ at
the LSM–YSZ interface. In our case, it seems that Sr
diffuses faster than La and Mn, favoring formation of
SZ instead of LZ. More detailed studies of the
interface using transmission electron microscopy
(TEM) are being carried out to clarify the LSM/YSZ
reactivity.

4

Conclusions

The influence of organic/metal salt concentration ratio
(R = Co /Cs) and sol viscosity was investigated on the
deposition of YSZ films on LSM substrates. These are
key parameters to obtain films with good phase
formation
and
adequate
microstructure
in
sol–gel/dip-coating route. LSM, cubic YSZ, SrZrO3
and La2O3 phases were obtained. The increase in sol
viscosity decreased the formation of the secondary
phases. Samples with lower organic concentration
showed lower crystallite size and higher microstrain.
Films deposited with R = 5 and sol viscosity = 100
mPa·s were homogeneous, crack-free and well adhered
to the substrate. The film thickness varied in the range
of 11–24 m. These synthesis parameters can be used
to prepare YSZ electrolytes for cathode-supported

SOFCs.
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